Iron-sulfur (Fe-S) clusters are essential for numerous biological processes, including mitochondrial respiratory chain activity and various other enzymatic and regulatory functions. Human Fe-S cluster assembly proteins are frequently encoded by single genes, and inherited defects in some of these genes cause disease. Recently, the spectrum of diseases attributable to abnormal Fe-S cluster biogenesis has extended beyond Friedreich ataxia to include a sideroblastic anemia with deficiency of glutaredoxin 5 and a myopathy associated with a deficiency of a Fe-S cluster assembly scaffold protein, ISCU. Mutations within other mammalian Fe-S cluster assembly genes could be causative for human diseases that manifest distinctive combinations of tissue-specific impairments. Thus, defects in the iron-sulfur cluster biogenesis pathway could underlie many human diseases.
Iron-sulfur proteins: biological roles and relevance Iron-sulfur (Fe-S) clusters are ancient biological prosthetic groups that are essential for many fundamental processes including photosynthesis and respiration (reviewed in Refs. [1, 2] ). The most common Fe-S clusters in eukaryotes are the [2Fe-2S] and [4Fe-4S] clusters, which are formed by tetrahedrally coordinated iron atoms with bridging sulfides and are most often ligated to the protein through cysteine residues. The chemical reactivities of iron and sulfur, together with variations in the composition, redox potential, oxidation state, physical accessibility of the cluster and effects of the local protein environment, enable these versatile cofactors to accept or donate single electrons, catalyze enzymatic reactions or function as regulatory proteins. For instance, Fe-S clusters are essential components of respiratory electron transfer complexes as well as the tricarboxylic acid cycle (TCA cycle) enzymes, aconitase and succinate dehydrogenase ( Figure 1a ). In addition, the Fe-S clusters within DNA repair enzymes Fanconi anemia group J protein (FancJ) and Xeroderma pigmentosum group D protein (XPD) facilitate DNA damage recognition and repair [3] . Moreover, Fe-S cluster assembly and disassembly in mammalian iron regulatory protein-1 (IRP1) alters the active site conformation and accessibility and determines whether IRP1 binds its mRNA targets in response to oxidative stress and intracellular iron levels (reviewed in Refs. [4] [5] [6] ).
Because Fe-S clusters play a critical role in a wide range of cellular activities, significant disruptions in Fe-S cluster biogenesis and repair are expected to also affect numerous basic cellular processes (Figure 1b) . Indeed, defects in this important biological pathway are now recognized as the cause of several human diseases. Over the last decade, studies of Friedriech ataxia revealed that deficiency of the protein frataxin (FXN) results in the loss of Fe-S protein activities, mitochondrial iron overload, oxidative damage and ultimately mitochondrial failure [7] . In the last 2 years, defects in Fe-S cluster assembly genes have been shown to be responsible for two more human diseases: a splicing defect in glutaredoxin 5 (GLRX5) was implicated as a cause of sideroblastic anemia [8] , and recently, a splicing defect in the iron-sulfur cluster scaffold ISCU in skeletal muscle was shown to cause myopathy with severe exercise intolerance and deficiencies in succinate dehydrogenase and aconitase activity [9, 10] . Here, we summarize the mechanisms of Fe-S cluster biogenesis and highlight recent discoveries of human diseases caused by mutations in Fe-S cluster assembly genes.
Iron-sulfur cluster biogenesis
Among the various theories about the origin of life, one possibility is that life originated in an 'iron-sulfur world'. Conditions in the primordial atmosphere were likely favorable for spontaneous Fe-S cluster assembly, and early life forms might have used Fe-S clusters to capture and release electrons in primitive metabolic reactions [11] . For instance, a central metabolic pathway of intermediary metabolism, the TCA cycle, might be derived from an ancient reductive citric acid cycle that used two Fe-S enzymes: aconitase and succinate dehydrogenase. Because ferrous iron bioavailability is limited in the oxidative environment of modern earth and because Fe-S proteins are required for basic intermediary metabolism, it is not surprising that nearly all organisms use highly conserved proteins and enzymes to facilitate Fe-S cluster synthesis. The basic components of this process were originally identified in bacterial operons [1] , and homologs of these proteins have been identified in eukaryotes, including the Saccharomyces cerevisiae (reviewed in Ref. [2] ) and human genomes (reviewed in Ref. [12] ).
Studies in yeast, zebrafish and plants have shown that up to 20 different proteins are involved in eukaryotic Fe-S cluster biogenesis (Table 1) . A cysteine desulfurase (IscS or SufS in bacteria, NFS1 or ISCS in human) is required to abstract the sulfur atom from cysteine and to donate the Figure 1 . Disruption of iron-sulfur (Fe-S) proteins can have a myriad of deleterious cellular consequences. Because Fe-S clusters are essential electron carriers and enzyme cofactors in many proteins, defects in Fe-S clusters biogenesis can disrupt many cellular process. (a) Fe-S clusters are essential cofactors in energy metabolism. Fe-S proteins are among the most important electron carriers in nature and are particularly important in the mitochondrial respiratory chain, in which up to 12 different Fe-S clusters shuttle electrons through complexes I-III. Electrons from the oxidation of NADH and succinate are transferred through a chain of redox centers consist of flavins, Fe-S clusters, ubiquinone (Q and QH 2 ), hemes and copper centers (Cu A and Cu B ) to reduce O 2 to H 2 O. The free energy of electron transport is coupled to ATP synthesis. In addition, the ability of Fe-S clusters to coordinate ligands and stabilize protein structures also allows them to facilitate various enzymatic functions. For instance, mitochondrial aconitase is an integral part of the tricarboxylic acid cycle (TCA cycle), and its cluster is essential for substrate binding and activation. (b) Because Fe-S proteins play a critical role in a wide range of cellular activities, mutations or pathological conditions that disrupt Fe-S cluster stability or biogenesis/repair are associated with several human diseases. For instance, germline mutations of the gene encoding succinate dehydrogenase subunit B (SDHB), a Fe-S protein in respiratory complex II, are a major cause of cancer of the kidney, adrenal gland and thyroid gland [63] . Mutations that destabilize the Fe-S clusters in DNA repair enzymes XPD and FancJ are associated with the phenotypes in patients with trichothiodystrophy and Fanconi anemia respectively [3] . Severe defects in Fe-S cluster biogenesis/repair can profoundly decrease the activities of respiratory complexes, the TCA cycle and the heme biosynthesis pathway [7] [8] [9] , resulting in decreased energy production and increased oxidative stress. In addition, disruption of Fe-S cluster biogenesis can lead to mitochondrial iron overload and cytosolic iron depletion. In the cytosol, defects in Fe-S cluster biogenesis might affect cytosolic aconitase (c-aconitase) activity and therefore citrate metabolism, which can disrupt the balance between glycolysis and fatty acid biosynthesis. Defects in cytosolic Fe-S cluster biogenesis/repair might also impair ribosome biogenesis, and purine catabolism pathways.
sulfur to a scaffold protein, such as human ISCU, on which nascent clusters are assembled (Figure 1) . In many organisms, iron delivery might be facilitated by Frataxin [13] . In vitro studies have shown that scaffold proteins can assemble either [2Fe-2S] or [4Fe-4S] clusters and donate these clusters to recipient proteins [14, 15] . Redox proteins such as ferredoxin 1 (FDX1) and ferredoxin reductase (FDXR) are thought to facilitate cluster assembly on scaffold proteins [2] , whereas heat shock 70-kDa protein 9 (HSCPA9) and a co-chaperone HSCB are believed to use energy derived from ATP to drive conformational changes in scaffold proteins that facilitate cluster transfer to intermediate or final recipient proteins [1] . In addition to the basic components discussed above, LYR motif containing 4 protein (LYRM4, also called ISD11) seems to be important for appropriate folding and function of the cysteine desulfurase [16] [17] [18] , and GLRX5 homologs have been implicated in Fe-S cluster biogenesis in yeast [19] , zebrafish [20] and humans [8] . Other proteins including NUBP1, NUBP2, NARF and CIAO1 (Table 1 ) are thought to be important for cytosolic Fe-S protein maturation [2, 21] . Another important finding from genetic and biochemical studies is that Fe-S cluster biogenesis is required for the regulation of mitochondrial iron homeostasis. Many yeast strains that were depleted of Fe-S cluster biogenesis proteins (e.g. nfs1, yfh1, isu1, isu2, isa1, isa2, nfu1, ssq1, jac1, yah1) showed marked iron accumulation in their mitochondria [2] . As discussed in more detail below, mitochondrial iron overload is also a prominent feature of human Fe-S cluster assembly disorders.
Iron-sulfur cluster biogenesis genes implicated in human diseases
Human disease mutations have now been reported for Frataxin, GLRX5 and ISCU (Figure 2) . Notably, none of these human mutations is completely inactivating, which is not surprising because work in various model systems has revealed that severe defects in Fe-S cluster assembly can be lethal. In S. cerevisiae, deletions of genes involved in Fe-S cluster assembly, including NFS1, ISD11, JAC1, YAH1, ARH1, CFD1, ERV1, NBP35, NAR1 and CIA1 are lethal (Table 1 ). In addition, synthetic lethality was observed in pairwise combinations of several other Fe-S cluster assembly genes including ISU1, ISU2, NFU1, SSQ1 and GRX5. Notably, deletions of the GLRX5 homolog in zebrafish and of Frataxin in mouse are lethal during embryogenesis, and exhaustive gene disruption experiments in human colon cancers cells do not yield FDXR null clones, strongly suggesting that FDXR is essential for viability [22] . Furthermore, siRNA studies demonstrate that depletion of mammalian Fe-S cluster assembly factors, such as ISCU, ISCS and NARF, can inactivate various metabolic enzymes including aconitase and xanthine oxidase, misregulate proteins involved in iron metabolism and decrease cell viability [21, 23, 24] . It is therefore probable that complete inactivation of the human Fe-S assembly proteins would also be profoundly deleterious.
Friedreich ataxia: the role of Frataxin in iron-sulfur cluster assembly Friedreich ataxia (FRDA) is an autosomal recessive neurodegenerative disorder caused by deficiency of the nuclear-encoded protein, Frataxin (Table 2) . Frataxin deficiency leads to progressive spinocerebellar neurodegeneration associated with gait and limb ataxia, dysarthria (a neuromuscular speech disorder) and muscle weakness, as well as cardiomyopathy and diabetes [25] . The neurologic manifestations result from degeneration of the dorsal root ganglia, the posterior columns, spinocerebellar tracts, corticospinal tracts of the spinal cord and large myelinated fibers in the peripheral nerves. Ataxia usually develops during childhood or the early teens, and patients generally die from cardiomyopathy in early adulthood.
Expansion of the unstable GAA triplet repeat in FXN is the most common causal mutation of FRDA [26] (Figure 2) . Interestingly, the GAA expansion occurs in the intronic sequence, thus distinguishing this disease from Huntington's and other trinucleotide repeat diseases. Normal alleles have 7-38 repeats, whereas FRDA alleles have 66-1700 repeats, resulting in significantly decreased Frataxin expression. Longer repeats cause a more profound Frataxin deficiency and are associated with earlier onset and increased severity of the disease. Furthermore, recent studies suggest that the progressive pathology in the dorsal root ganglia results from an age-dependent, tissue-specific, increased expansion of the GAA triplet-repeat sequence [27] . It has been proposed that the long GAA repeats interfere with transcription by forming aberrant DNA structures or by inducing the formation of repressive heterochromatin [28] .
Analysis of patient tissue samples revealed that activities of two Fe-S proteins, mitochondrial aconitase and succinate dehydrogenase, were markedly decreased, suggesting that the synthesis or stability of Fe-S clusters is defective in FRDA patients [29, 30] . Although structural, complementation and biochemical studies on the function of Frataxin have yielded complex and somewhat contradictory results [31] [32] [33] , many findings indicate that Frataxin's main function is to serve as an iron-binding chaperone protein for Fe-S cluster assembly [13] . Frataxin is a small protein that contains an acidic surface that can bind several ferrous iron atoms, whereas other surfaces enable Frataxin to bind the scaffold protein, ISCU, or the heme biosynthetic enzyme, Ferrochelatase, thus potentially allowing Frataxin to readily donate ferrous iron for incorporation into nascent Fe-S clusters as they are assembled on ISCU [13, 34] .
Interestingly, YFH1 (the yeast FXN homolog)-deficient yeast strains develop profound mitochondrial iron overload; similarly, mitochondrial iron overload is also Deficiency of aconitase and complex I-III activities in endomyocardial biopsy; mitochondrial DNA depletion in heart and skeletal muscle; increased mitochondrial iron in heart, liver, and spleen [7, 26, 29] Sideroblastic anemia with GLRX5 deficiency (one case) Homozygous point mutation in GLRX5 results in splicing defect and reduced mRNA Microcytic anemia, hepatosplenomegaly Ringed sideroblasts, increased iron staining in erythroblasts and macrophages, decreased aconitase activity in patient peripheral blood mononuclear cells [8] Myopathy with ISCU deficiency (19 observed in the hearts and brains of FRDA patients [35] (Box 1) and heart-specific knockout mouse models [36] . These results suggest that eukaryotic mitochondrial iron homeostasis is tightly regulated and that a Fe-S protein might be involved in signaling information about the status of mitochondrial iron stores to the nucleus. In the absence of an appropriate signal, mitochondrial iron uptake might be enhanced, efflux might be diminished, and iron might accumulate within insoluble precipitates in the mitochondrial matrix or within the iron sequestration protein, mitochondrial Ferritin [32] . The resulting mitochondrial iron overload might cause mitochondrial damage via iron-catalyzed oxidation reactions [37] . Furthermore, an interference with mitochondrial iron metabolism can cause disruptions in other subcellular compartments. In yeast, YFH1 deletion increases the expression of >70 nuclear genes, including many that are involved in cellular iron uptake [38] . mRNA levels of numerous transcripts, including ISCU, decrease in Frataxin-deficient mouse heart tissue [39] . In human cells, disruption of Fe-S cluster biogenesis and mitochondrial iron homeostasis can activate iron regulatory proteins (IRPs) [30, 23, 40] , thereby triggering increased cellular iron uptake. The dysregulation of mitochondrial iron homeostasis and activation of IRPs has the potential to engage the cell in a vicious cycle in which increased cellular iron uptake further exacerbates mitochondrial damage.
A glutaredoxin 5 mutation causes inherited human sideroblastic anemia Sideroblastic anemia describes a distinct group of anemias in which red cell precursors contain iron-overloaded mitochondria that congregate in a ring around the nucleus [41] . Recently, a mutation that causes GLRX5 splicing defects was identified as the cause of a sideroblastic-like microcytic anemia in a human patient (Figure 2) . The patient had severe anemia, an enlarged liver and spleen and iron overload with bronze diabetes and cirrhosis [8] (Table 2) . Interestingly, the anemia was worsened by blood transfusions but partially reversed by iron chelation therapy. DNA sequencing and RT-PCR experiments showed that a single mutation in the penultimate nucleotide of exon 1 interfered with splicing, resulting in only 10% of wildtype mRNA expression.
Early experiments in yeast [19] demonstrated that GRX5 might be involved in facilitating the transfer of Fe-S clusters from the scaffold to target proteins [2] , although the exact function of GRX5 is still unclear. One proposal suggested that the deglutathionylation activity of glutaredoxins was important for repairing mixed disulfides between glutathione and Fe-S cluster assembly factors in the oxidizing environment of the mitochondrial matrix [42] . Other studies in plants indicated that glutaredoxins might function as scaffold proteins for the assembly and delivery of [2Fe-2S] clusters [43] .
In zebrafish, Glutaredoxin 5 mutations cause anemia; decreased heme synthesis was found to be caused by the IRP1-mediated translational repression of erythroid aminolevulinate synthase (eALAS), which catalyzes the first step in heme biosynthesis. [20] . IRP1 and IRP2 are mammalian RNA-binding proteins that play important roles in regulating intracellular iron metabolism (reviewed in Refs. [4, 5] ). IRP2 is regulated by iron and oxygen-dependent protein degradation, whereas IRP1 regulation largely depends on the presence or absence of its Fe-S cluster. When IRP1 contains an intact Fe-S cluster, it functions as a cytosolic aconitase [44] , but when it lacks the Fe-S Box 1.
Detection of mitochondrial iron overload might provide a valuable diagnostic tool for diseases associated with defects in iron-sulfur (Fe-S) cluster biogenesis. Mitochondrial iron overload has been found in Friedreich ataxia (FRDA; FXN deficiency), a myopathy with ISCU deficiency as well as sideroblastic anemias ( Figure I ). Perls' Prussian blue staining is the most common histochemical test for nonheme ferric iron and involves the treatment of biopsy samples with acid solutions of ferrocyanides. Any nonheme ferric ion present in the tissue reacts with the ferrocyanide and forms a bright blue insoluble pigment called Prussian blue, or ferric ferrocyanide. The sensitivity of Prussian blue staining can be further enhanced using 3,3 0 -diaminobenzidine (DAB). Ferric ferrocyanide can oxidize DAB in the presence of hydrogen peroxide to produce an intense brown black stain. Detection of the distinctive punctate iron staining pattern might be valuable for diagnosing other diseases associated with defects in Fe-S cluster biogenesis, because many yeast strains that were depleted of other Fe-S cluster biogenesis factors also showed marked mitochondrial iron accumulation. Figure I . Mitochondrial iron overload in Friedreich ataxia, a myopathy with ISCU deficiency, and an acquired siderblastic anemia. Mitochondrial overload was detected in patient samples using histochemical stain and electron microscopy. Blue arrows indicate mitochondrial iron deposits and purple arrows indicate well preserved cristae and a relative absence of iron deposits. Prussian blue staining revealed that excess ferric iron was present in the hearts of a 9-year-old patient (b) and a 26-year-old patient (c) with FRDA compared with the heart of a unaffected 35-year-old individual (a). Biochemical and electron microscopic analyses have previously indicated that iron accumulates mainly in the mitochondria. In normal skeletal muscle biopsies, absence of brown DAB-enhanced Prussian blue staining is indicative of normal levels of ferric iron (d), whereas brown punctate deposits reveal mitochondrial iron overload throughout the individual muscle fibers of patients with myopathy and ISCU deficiency (e), a finding that has been confirmed by electron microscopy (f) [54] . In human sideroblastic anemias, dark deposits within distorted mitochondria are caused by iron overload [64] . Electron microscopy analysis of normoblasts (normal red cell precursors) of a patient from an early stage in development of acquired sideroblastic anemia showed that most of the mitochondria were still well preserved (as evidenced by well preserved cristae) (g), whereas in the sideroblasts at later stages, the mitochondria became distorted and increasingly loaded with iron, which appears as black deposits within the matrix (h and i). [45] . IREs are found in the transcripts of major iron metabolism transcripts including ferritin H and L subunits, transferrin receptor 1 (TfR1), one isoform of the divalent metal transporter 1, and ferroportin. Binding of IRP1 or IRP2 to an IRE can repress translation of transcripts such as ferritin or can increase TfR1 transcript levels by stabilizing the mRNA [4, 5] .
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Both human and zebrafish genomes contain two separate ALAS genes; the ALAS2 (zebrafish eALAS) transcript contains an IRE in its 5 0 UTR and is highly expressed in erythroid cells, whereas the ALAS1 transcript is expressed in other tissues and lacks an IRE. Thus, eALAS expression is repressed by apo-IRP1-IRE binding, and zebrafish heme biosynthesis accordingly decreases when IRE-IRP1 binding activity increases [20] . Conversely, in mouse models, eALAS expression increases when IRPs are knocked out [46, 47] , indicating that the IRP-IRE regulatory system is important in regulating erythroid heme synthesis.
In the GLRX5-deficient patient and in the zebrafish model, IRP1 becomes an active IRE binding protein that blocks heme biosynthesis by inhibiting eALAS translation. How does GLRX5 deficiency result in the loss of the IRP1 Fe-S cluster? The prevailing model, largely based on studies in yeast, proposes that Fe-S clusters are assembled exclusively in mitochondria and that assembled Fe-S clusters are exported through the transporter Atm1p (ABCB7 in humans) to supply Fe-S clusters to recipient proteins in the cytosol and nucleus ( [2] ). According to this model, if GLRX5 deficiency interfered with mitochondrial Fe-S cluster biogenesis, IRP1 would fail to acquire a Fe-S cluster.
However, with the discoveries of functional cytosolic NFS1, ISCU, NFU1, and Frataxin in human cells [23, [48] [49] [50] [51] , and the recent discoveries of the ISCU and Frataxin homologs in the cytosol of microsporidia Trachipleistophora hominis [52] , it is evident that the initial steps in Fe-S cluster biogenesis are not confined to the mitochondrial matrix in all eukaryotes. More importantly, cytosolic iron depletion can directly impair de novo biogenesis of cytosolic Fe-S proteins, and several lines of evidence indicate that disruption of Fe-S cluster biogenesis causes cytosolic iron depletion associated with mitochondrial iron overload. In yeast, radioactive iron labeling experiments indicated that disruption of Fe-S cluster biogenesis triggered the accumulation of iron in the mitochondria at the expense of cytosolic iron [53] . In human cells, siRNA-mediated silencing of ISCU resulted in increased IRE-binding activity of IRP1 and IRP2 and increased IRP2 protein levels [23] . Similarly, IRP2 levels are elevated in FRDA patients' lymphoblasts [40] . Because IRP2 is regulated through iron-dependent changes in protein turnover and is not known to rely on a Fe-S cluster for its regulation, these results imply that cytosolic iron depletion develops. Thus, it seems that cells that are unable to synthesize Fe-S clusters lose the ability to regulate mitochondrial iron homeostasis. Therefore, another possible explanation for the activation of IRP1 IRE-binding activity is that the loss of mitochondrial GLRX5 disrupts the regulation of mitochondrial iron homeostasis, resulting in mitochondrial iron overload and concomitant cytosolic iron depletion, thereby preventing de novo cytosolic cluster assembly.
Although GLRX5 is expressed in many human tissues, ALAS2 is almost exclusively expressed in erythroid cells. Thus, the tissue specificity of the human sideroblastic anemia could result from the fact that activation of IRP1-IRE-binding activity represses heme synthesis in erythroid cells but not in other tissues.
A splice mutation in ISCU causes myopathy in patients of Swedish descent Recently, a mutation in the Fe-S cluster assembly scaffold factor, ISCU, was found to be the cause of an inherited skeletal muscle disease found among patients from northern Sweden [9, 10] . Patients develop muscle weakness, along with exercise-induced acidosis and myoglobinuria (reddish urine caused by muscle degeneration and excretion of myoglobin) [54, 55] . Aconitase and succinate dehydrogenase activities are markedly reduced and mitochondrial iron overload develops in patient muscle samples [54] (Box 1). Studies of distantly related affected individuals identified a region of human chromosome 12 that contained the gene responsible for disease, and ISCU was among the candidates [9, 10] . Biochemical studies showed that ISCU expression was indeed markedly diminished in patient skeletal muscle samples, and DNA sequencing revealed that the myopathy allele contains a single G to C mutation near the middle of the final ISCU intron. Analysis of patient transcripts revealed that the G to C mutation promoted the incorporation of a cryptic exon from within the intron into the ISCU transcript, leading to insertion of a premature stop codon (Figure 2 ). The loss of mitochondrial and cytosolic aconitase activities in the muscle samples of patients with ISCU deficiency is consistent with previous studies of cells depleted of ISCU by siRNA-mediated silencing [23] . Furthermore, the patients' skeletal muscle mitochondria were markedly overloaded with ferric iron [54] [9] (Box 1), and the punctate ferric-iron staining was reminiscent of the iron staining pattern observed in cells depleted of ISCU by siRNA-mediated silencing [23] . Thus, ISCU loss results in a muscle disease in which Fe-S cluster assembly is impaired, and mitochondrial iron overload develops in conjunction with functional impairment of mitochondrial Fe-S enzymes. Careful comparisons of primary muscle cultures, fibroblasts and lymphoblasts will be needed to determine whether and why the cryptic exon is preferentially expressed in muscle cells.
Potential roles of ABCB7 in X-linked hereditary sideroblastic anaemia The disease gene for X-linked sideroblastic anemia with ataxia encodes a mitochondrial transporter known as ABCB7 (homolog of Atm1p in yeast). ATM1 deletion leads to mitochondrial iron accumulation, suggesting that it exports an as yet uncharacterized molecule that is important for mitochondrial iron homeostasis [56, 57] . Although the activities of two cytosolic Fe-S enzymes (xanthine oxidase and cytosolic aconitase) were impaired in ABCB7 knockdown experiments, succinate dehydrogenase activity was not impaired [57] [58] [59] , suggesting that ABCB7 is not involved in the basic process of mitochondrial Fe-S cluster biogenesis. Whereas investigators originally postulated that this transporter exported Fe-S clusters for incorporation into cytosolic proteins [2] , proteins involved in the early steps of mammalian Fe-S cluster biogenesis are also found in the cytosol [23, [48] [49] [50] [51] (Figure 3) ; therefore, the sole purpose of ABCB7 might not be export of Fe-S clusters for use in the cytosol of mammalian cells. Notably, siRNA studies and knockout mouse model studies also show evidence of cytosolic iron deficiency in ABCB7-depleted cells, as indicated by increased IRP1 and IRP2 IRE-binding activities, increased IRP2 levels [59] and decreased expression of ferritin, an iron-storage protein [58] . Thus, it is probable that the ABCB7 substrate might have an important role in the regulation of overall mitochondrial iron homeostasis.
Concluding remarks and future perspectives
Iron-sulfur (Fe-S) clusters are essential cofactors for proteins involved in many biological processes, and several human diseases have been linked to defects in Fe-S proteins and their biogenesis factors. Disease can appear in the central nervous system and heart (FRDA mutations), in developing red blood cells (GLRX5 deficiency) or in skeletal muscles (myopathy with deficiencies in ISCU). The fact that defects in a basic essential metabolic pathway common to all tissues can cause such diverse disease presentations raises the possibility that mutations in other conserved Fe-S cluster biogenesis genes might underlie diseases for which the cause is presently unknown (Table 1 ). An analogy might be found in the spectrum of diseases attributable to pathogenic mtDNA mutations, which also have strikingly distinctive and unexplained tissue-specific presentations [60] . Because deletions of homologs of many human Fe-S genes are lethal in model systems, it is possible that partially disabling mutations of Fe-S assembly genes near diseaselinked chromosomal locations could be the cause of diseases, particularly those in which mitochondrial function is compromised. By evaluating diseases that have been mapped to the chromosomal locations of human Fe-S cluster assembly proteins, it seems possible that NFU1 (a putative scaffold protein) might be a good candidate for infant multiple mitochondrial malfunctions syndrome [61] ; likewise, HSCB (a chaperone partner) is an interesting candidate for an inherited optic atrophy syndrome [62] . Disease gene discovery can be considerably streamlined by using antibodies to measure the levels of the candidate Fe-S cluster biogenesis protein in affected tissue [9] .
Because both mitochondrial iron overload and mitochondrial failure are common features in model systems and in patients with deficiency in Fe-S cluster biogenesis factors, we also suggest that diseases that are characterized by mitochondrial failure should be analyzed for the presence of mitochondrial iron overload using Prussian blue or 3, 3 0 -diaminobenzidine (DAB)-enhanced Prussian blue staining [23] . If mitochondrial iron overload is a prominent feature of the disease, the activities of Fe-S proteins, such as mitochondrial aconitase and succinate dehydrogenase, should be measured to evaluate whether Fe-S cluster biogenesis is impaired. The causes of many human sideroblastic anemias, which share the feature of Figure 3 . Mutations in Friedreich ataxia, sideroblastic anemia with GLRX5 deficiency and myopathy with ISCU deficiency. In >98% of Friedreich ataxia (FRDA) cases, the defect is a GAA repeat expansion in the first intron of the Frataxin (FXN) gene. A small subset of patients have one expanded allele and a second allele harboring a premature stop codon or point mutation. In the patient with GLRX5 deficiency, a homologous silent mutation in exon 1 interferes with splicing and drastically reduces levels of fully processed mature GLRX5 mRNA. In myopathy with ISCU deficiency, a single G to C mutation in the fourth intron of ISCU activates a weak splice acceptor site and reduces the production of normal ISCU protein.
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Trends in Genetics Vol.xxx No.x TIGS-664; No of Pages 10 mitochondrial iron overload, remain unknown [41] . The discovery of a sideroblastic anemia patient with a GLRX5 mutation suggests that components of the Fe-S cluster assembly machinery should be assessed in the abnormal erythroid cells from patients with sideroblastic anemias of unknown cause, because mutations of genes in the Fe-S pathway could arise in bone marrow stem cells in mature individuals whose germline cells would be unaffected.
The basic genetic mutations that underlie FRDA, anemia with GLRX5 deficiency and myopathy with ISCU deficiency have the potential to affect all tissues. Therefore, we wonder if some tissues are better protected than others by unrecognized redundancy or low levels of residual activity. Are tissue-specific vulnerabilities, similar to the example of erythroid-specific ALAS and its unique vulnerability to translational repression by activated apo-IRP, at play? Furthermore, are splicing abnormalities favored in specific tissues because of tissue-specific ancillary factors, as might be the case for myopathy with ISCU deficiency? Finally, might there be a common way to treat all of these diseases, based on learning how to circumvent problems with Fe-S cluster biogenesis and mitochondrial iron overload? The fact that at least three highly distinct human diseases result from a compromise in the basic process of Fe-S cluster assembly holds promise that greater understanding of Fe-S cluster biogenesis will yield more effective diagnostics and treatments for a related group of human diseases.
